Introduction
Metal-organic frameworks (MOFs) show great promise for applications in gas storage and separation because these crystalline, porous materials can demonstrate exceptionally high internal surface areas and tunable functional pore environments. [1] Notably, CO2 storage in MOFs [2] compares extremely favourably with other classes of porous materials such as zeolites, activated carbon and silica. [3] Great efforts have been focused on enhancing the binding affinity and selectivity of MOFs towards CO2, and several strategies have been reported to enhance gas storage. [4] The shape, size and chemical environment of the pores within a MOF play significant roles in gas storage capacity, specificity and separations. [1d,5] The physical characteristics of pore volume and surface area have been shown to correlate strongly with the high pressure (>20 bar) CO2 uptake in MOFs, with physisorption dominating, while the strength of gas-framework interactions correlates strongly with the low pressure (<1 bar) CO2 uptake of a framework. [6] The primary approaches to controlling the chemical characteristics of the pores and hence the strength of the gas-framework interaction are via modification of the ligands either by incorporating functional groups prior to the formation of MOFs or by post-synthetic modification in which functional groups such as -NH2, -OH or -CHO moieties are generated within the frameworks. [3c,6-10] Nitrogen-containing groups or open metal sites accessible within the pores can improve CO2 affinity via dipolequadrupole interactions with the CO2 molecules. [11] [12] [13] [14] We recently described the material NOTT-122 incorporating triazole groups which displays a high adsorption capacity for CO2
and used a computational approach to investigate the specific interactions between CO2 and the framework linker heteroatoms. [15] Similarly, Zaworotko et al. have reported MOFs [16] containing amide functional groups in the linkers, whereby linking of three isophthalates generated polyhedral structures that exhibit a strong binding affinity to CO2. [16] [17] [18] Our general approach has been based on the use highly symmetric polydentate carboxylate ligands to construct porous coordination polymers which demonstrate excellent gas uptake and selectivity. [19] [20] [21] We describe herein the synthesis and gas uptake properties of NOTT-125, an amide-containing MOF primarily distinguished by the 'double amide' [-
NHC(O)C(O)NH)-] oxamide motif within the bridging ligand L 4-
(H4L = oxalylbis(azanediyl)diisophthalic acid) whereby two back-to-back amides comprise the bridge between two isophthalate groups. This linker connects {Cu2(OOCR)4} paddlewheels to form a MOF of fof topology [Fig. 1] in which the oxamide is incorporated and placed within the pore walls. NOTT-125 exhibits a high surface area and excellent CO2 uptake (40.1% at 1 bar, 273 K). To the best of our knowledge NOTT-125 displays the third highest reported CO2 uptake in a MOF [ Table 1 ] and shows significant selectivity for CO2 vs both N2
and CH4. Importantly, grand canonical Monte Carlo (GCMC) simulations of the isotherms show excellent agreement with the experimental data, and a computational study into the specific interactions and binding energies of both CO2 and CH4 with the linkers reveals a set of strong interactions between CO2 and the oxamide motif which are not possible with only a single amide. This is the first time that we are aware of that the oxamide motif has been employed within a MOF design. shaped cavity approximately 24.0 Å along its long axis and 9.6 Å across the central diameter.
Results and Discussion
Cage B consists of six {Cu2(OOCR)4} units and twelve linkers with a spherical diameter of 12.7 Å taking into account the van der Waals radii of the atoms. It is worth noting that the structure is densely decorated with amide functionalities that are directly exposed in both cages. There are two types of pore window between cages A and B. The smaller window is an equilateral triangle whose vertices are occupied by {Cu2(COO)4} paddlewheels with a distance of 9.3 Å between their centroids. The larger window takes the shape of an isosceles triangle (13.9 × 13.9 × 9.3 Å) constructed by two linkers and one isophthalate unit.
The total accessible volume of NOTT-125 after removal of the guest and coordinated water molecules is estimated to be 71% using the PLATON/VOID routine [23] and the calculated density of the desolvated framework is 0.672 g/cm 3 . NOTT-125 shows thermal stability up to 280 o C by thermogravimetric analysis (TGA) [ Fig. S3 ], and the phase purity of the bulk sample was confirmed by powder X-ray diffraction (PXRD) [Fig. S4 ]. The fully desolvated framework NOTT-125a was prepared by soaking the sample in acetone for five days followed by heating at 100 o C and 10 -10 bar for 1 day. PXRD analysis after desolvation indicates that the framework structure of NOTT-125a retains crystallinity and remains intact on activation [ Fig. S4 ]. All subsequent analyses described below were performed on the activated NOTT-125a.
The permanent porosity of activated NOTT-125a was confirmed by gas adsorption measurements. The N2 sorption isotherm for NOTT-125a at 77 K exhibits reversible type-I adsorption behaviour characteristic of a microporous material [ Fig. S5 The excellent uptake of CO2 observed in the low pressure isotherms is consistent with the presence of specific CO2-amide interactions. There are several potential interactions that can be proposed including dipole-quadrupole interactions of the type described above [11] [12] [13] [14] and hydrogen-bond formation between the amide NH and the oxygens of CO2. [16] To better understand these observations, the isosteric heat (Qst) of adsorption of CO2 was calculated by fitting the CO2 sorption isotherms at 273 K and 298 K to a virial-type equation. The isosteric heat is estimated to be 25.35 kJ mol -1 at zero surface coverage.
The marked difference in CH4 and CO2 adsorption isotherms encouraged us to examine the capability of NOTT-125a for selective capture of CO2 vs N2 and CO2 vs CH4. To evaluate the selective CO2 capture in NOTT-125a, CH4 and N2 sorption isotherms were measured at 273 and 298 K [ Fig. 2b ] up to 1 bar. By determining the ratios of the Henry's law constants from single component isotherms, [27] the CO2/N2 adsorption selectivity factors for NOTT-125a are 20.7:1 at 273 K and 16:1 at 298 K, further suggesting that the polar amide functionalities have a positive effect on CO2 adsorption. Furthermore, NOTT-125a also shows respectable CO2/CH4 selectivity of 9.2:1 at 273 K and 4.8:1 at 298 K.
Gravimetric H2 sorption measurements performed on NOTT-125a at 77 K and 87 K up to 1 bar show completely reversible isotherms with an absence of hysteresis and moderate H2 storage capacity of 2.30 % and 1.48 % respectively [Fig. 5] . The isosteric heats of adsorption (Qst) for H2 were found to be 5.1 kJ mol -1 at zero surface coverage.
Grand canonical Monte Carlo (GCMC) calculations were performed to simulate the adsorption of both CO2 and CH4 in NOTT-125a. Figures 3 and 4 show simulated isotherms for CO2 and CH4 uptake in NOTT-125a, and these are in excellent agreement with the experimentally measured isotherms. To understand further the relevant adsorption mechanisms of the CH4 and CO2 molecules to the linkers of NOTT-125a at a molecular level, second order Møller-Plesset perturbation theory (MP2) as implemented in the Q-Chem quantum chemistry package [28] was employed. We analysed the strength of two preferential adsorption sites in the linker: one formed by two amide -CONH-groups (highlighted blue in For CH4, the geometry optimization was carried out using DFT calculations at the B3LYP/ 6-31G** level of theory and the binding energies were subsequently calculated at the higher B3LYP /6-311++G** level with BE = Eopt(complex) -Eopt(linker) -Eopt(guest molecule). For CO2, the geometry optimization was first performed at the MP2/cc-pvdz level of theory and the binding energies were subsequently calculated at the higher MP2/cc-pvqz level. Binding energies were corrected for the basis set superposition error (BSSE), and the stable configuration identified for the CH4 molecule and linker is shown in Fig. 7 group. This interaction is further enhanced by both the electrostatic attraction between the carbon of CO2 and the electronegative oxygen of the linker, and a weak C-O···H-C(aromatic) interaction which can be regarded as as a weak hydrogen bond. [29] All these interactions have a significant cooperative effect on the overall binding of CO2 to this polyamide core. Complex E (BE = -12.67 kJ/mol) highlights the importance of coulombic interactions between carbon dioxide and the linker, in which the carbon of CO2 is located directly above an oxygen of the linker, and an oxygen of CO2 is found above the carbon of the linker.
Complex F (BE = -10.25 kJ/mol) shows CO2 positioned above the N-C bond, between the phenyl ring and an amide group. The least favourable binding site is found to be dimer G (BE = -7.61 kJ/mol) where the CO2 molecule is located approximately mid-way between the carbons of the C-C bond between the two amide groups, but even this binding energy is stronger than that found for methane binding described above.
Finally, we compared the interactions of the CO2 molecule with the oxamide part of the linker against those of CO2 and solely the phenyl group (blue in Fig. 6 ), which has been replaced by a benzene ring. As this complex is somewhat smaller, more accurate calculations were undertaken in which both geometry optimization and the BSSE-corrected binding energies were obtained directly at the MP2/cc-pvqz level of theory. Five stable configurations of the CO2 molecule and benzene ring are presented in Table 4 . 
Conclusions
In conclusion, we have successfully constructed a new highly porous fof type Cu(II) paddlewheel porous material, the first reported example of a MOF containing the oxamide functional group. Two types of cage exist within NOTT-125, both of which are bounded by the oxamide functionality. The large pore volume and functionalised pores are responsible for NOTT-125a exhibiting high CO2 gas storage capacity and selectivity of CO2 uptake over N2 and CH4. GCMC simulations of the gas uptake isotherms show excellent agreement with the experimental data and our computational studies of the binding modes of CH4 and CO2 in NOTT-125a has identified a variety of strong binding sites for CO2, which are only possible with the oxamide functionality.
Experimental
Commercially available reagents were used as received without further purification.
Elemental analyses (C, H, and N) were performed on a CE-440 elemental analyzer at the University of Nottingham. IR spectra were recorded in the range of 550−4000 cm −1 on a Nicolet i5 FT-IR spectrophotometer using the attenuated total reflectance (ATR) mode. 1 H NMR spectra were recorded on a Bruker DPX-300 spectrometer. Thermal gravimetric analyses (TGA) were performed under a flow of nitrogen (20 mL/min) with a heating rate of 1 °C/min using a TA SDT-600 thermogravimetric analyzer. X-ray Powder Diffraction (PXRD) measurements were carried out at room temperature on a PANalytical X'Pert PRO diffractometer using Cu-Kα radiation (λ = 1.5418 Å) at 40 kV, 40 mA, at a scan speed of 0.02°/s and a step size of 0.005° in 2θ.
N2, H2 and CO2 Isotherms. N2, H2 and CO2 isotherms were determined using an IGA gravimetric adsorption apparatus (Hiden) at the University of Nottingham in a clean ultra high vacuum system with a diaphragm and turbo pumping system. Before measurements, about 120 mg of solvent-exchanged sample was loaded into the sample basket within the adsorption instrument and then degassed under dynamic vacuum at 100 °C for 16 h to obtain the fully desolvated samples.
Synthesis of H4L:
A solution of 5-aminoisophthalic acid (6.53 g, 34.2 mmol) in anhydrous THF (50 mL) was cooled at 0˚C. A solution of oxalyl chloride (1.0 mL, 11.4 mmol) in anhydrous THF (100 mL) was then added dropwise to the reaction mixture over a period of 1 h. and a precipitate formed almost immediately. Triethylamine (1.0 mL, 7.2 mmol) was slowly added after 1 h. and the mixture was stirred overnight (~12 h) at room temperature.
The volume of solvent was partially reduced in the rotary evaporator and then 200 mL of 2M
HCl were added to the mixture. The precipitate was isolated by filtration and washed extensively with water, recrystallised from methanol, filtered, washed with methanol and diethyl ether, and dried under vacuum to afford a white powder (2.47 g, 58 % yield The optimised geometry of the C14H12N2O2 -CH4 complex. Figure S1 . ATR-IR spectra of H4L and of as-synthesised NOTT-125.
Single Crystal X-ray Structure Determination on NOTT-125
Single crystal diffraction data were collected on Oxford SuperNova CCD, Nottingham, UK.
Details of the data collection are included in the CIF. The structure was solved by direct methods and developed by difference Fourier techniques, both using the SHELXTL software package. 1 The hydrogen atoms of the ligands were placed geometrically and refined using a riding model, and the hydrogen atoms of the coordinated water molecules could not be located but are included in the formula. The unit cell volume includes a large region of disordered solvent which could not be modelled as discrete atomic sites. We therefore employed PLATON/SQUEEZE 2 to calculate the contribution of the solvent region to the diffraction and thereby produced a set of solvent-free diffraction intensities. Pore width (  ) Figure S7 . Pore size distribution for NOTT-125a calculated by NLDFT.
Heats of adsorption for CO2 in NOTT-125
The CO2 adsorption isotherms at 273 and 298 K were fitted to the virial equation (eq 3, virial method I):
3 (1) where P is the pressure, n is total amount adsorbed and A0, A1, A2 etc. are virial coefficients. The Henry's Law constant is given by KH = exp(A0). The enthalpy of adsorption at zero coverage was determined from the relationship: Figure S8 . Virial analysis of the CO2 isotherms for NOTT-125a at 298 and 273 K. 
CO2/N2 and CO2/CH4 Selectivities in NOTT-125a
The Henry's Law selectivity for gas component i over j at a specific temperature was calculated based on Eq. 3
The Henry's Law constants for N2 and CH4 adsorption at 298 and 273 K were calculated directly from the adsorption isotherms. (4) Here, P is the pressure expressed in mbar, N is the amount adsorbed in mol/g, T is the temperature in K, ai and bj are Virial coefficients (temperature independent empirical parameters), and m and n represent the number of coefficients. The equation was fitted using the R statistical software package. 5 The values of the virial coefficients a0 through am were then used to calculate the isosteric heat of adsorption using the following equation: Here, Qst is the coverage-dependent isosteric heat of adsorption and R is the universal gas constant. Figure S14 . Heats of adsorption for H2 in NOTT-125a.
Grand Canonical Monte Carlo simulations
Grand Canonical Monte Carlo (GCMC) calculations, as implemented in the MUSIC simulation suite, 6 were performed to calculate the adsorption of both CO2 and CH4 in NOTT-125a. In simulations of the CO2 uptake the equilibration period of 2·10 7 steps was followed by 2·10 7 steps of production run; in the modelling of CH4 uptake these values were taken to be 1.25·10 7 steps for equilibration period and 1.25·10 7 steps for the production run. Periodic boundary conditions have been applied to a modelling unit cell. The simulation parameters for CO2 and CH4 guest molecules were taken from the TraPPE force field. 7 For CO2 molecules, the C−O bond length was taken to be 1.16 Å, and three charged Lennard-Jones interaction sites were employed with the following parameters: σO=3.05 Å, O/kB = 79 K for the oxygen atoms, and σC = 2.80 Å, C/kB = 27 K for the carbon atom. A point charge of +0.7 was placed at the centre of mass of the carbon atom and a point charge of −0.35 was placed at the oxygen atom. The CH4 molecule was presented as united-atom with the following parameters:
σ=3.73 Å, /kB = 148.0 K. In the study of CO2 capture, the structure of NOTT-125a was described using the OPLS-AA force field. 8 For oxygen and copper atoms present in NOTT-125a the modelling atomic parameters were taken from reference 9 where they were adjusted for a correct description of the interaction between guest CO2 molecules and the host MOF. The fugacity coefficients were calculated from the Peng-Robinson equation of state. 10 Both the framework and guest molecules were assumed to be rigid. The Lennard-Jones potential was used to describe the Van der Waals interactions with a cut-off distance of 15.0 Å. For CH4 uptake, atom parameters of NOTT-125a structure were described by the DREIDING force field. 11 The partial charges on atoms of NOTT-125a were computed using the CHELPG approach and the B3LYP/6-31G* level of density functional theory, as implemented in the Q-Chem quantum chemistry package. 
